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   DISPERSED PHASE HOLD-UP AND 
CHARACTERISTIC VELOCITY IN A 
PULSED PACKED EXTRACTION COLUMN 
Dispersed phase hold-up has been measured in a 76.2 mm diameter pulsed 
packed column for four different liquid-liquid systems. The effects of pulsation 
intensity, phase ratio, and packing characteristic on the hold-up have been 
investigated under a variety of operating conditions. The dispersed phase axial 
hold-up shows a strong non-uniformity, depending on the operating conditions. 
The results indicated that the characteristic velocity approach is applicable to 
this type of extraction column for analysis of hold-up. An empirical correlation 
is derived for prediction of the hold-up in terms of operating variables, physical 
properties of the systems, and packing geometry. Good agreement between 
prediction and experiments was observed for all investigated operating 
conditions. 
Keywords: pulsed packed column, hold-up, characteristic velocity, slip 
velocity. 
 
 
Solvent extraction has long been a key opera-
tion in many processes for product purification and 
raw material recovery. The objective of this process is 
the separation of the components of a homogeneous 
liquid solution using another solvent or a reactive li-
quid solution. The two liquid systems are immiscible 
or partially miscible and are introduced as contacting 
equipment where a liquid dispersion with high enough 
interfacial area for mass transfer created by agitation. 
Extraction columns are a type of contacting equip-
ment which are divided into several categories de-
pending upon the geometry and the method in which 
mixing is provided to the liquid dispersion [1]. Optimal 
design of a liquid-liquid extraction column involves 
maximizing the column performance by increasing the 
rate of mass transfer while achieving high through-
puts. It was with these ideas in mind that Van Dijck [2] 
proposed that the volumetric efficiency of a perforated 
plate column could be improved by either pulsing the 
liquids or reciprocating the plate. This led to the deve-
lopment of the pulsed packed column, which has 
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found wide application in a number of industries in-
cluding the pharmaceutical, petrochemical, and nuc-
lear industries [3-5]. Pulsed columns have a clear ad-
vantage over other mechanical contactor when pro-
cessing corrosive or radioactive solutions since the 
pulsing unit can be remote from the column. The ab-
sence of moving mechanical parts in such columns 
obviates repair and service [6,7]. 
Introduction of a solvent into an extractor causes 
droplets that undergo repeated coalescence and 
breakage, leading to equilibrium drop size distribu-
tion. The resulting fractional volumetric hold-up is de-
fined as the volume fraction of the active section of 
the column that is occupied by the dispersed phase: 
d
d
e
V
x
V
=  (1) 
where  Vd represents the volume of the dispersed 
phase and Ve the total volume of the two phases for 
the effective length of the column [8,9]. Knowledge of 
the dispersed phase hold-up is of fundamental impor-
tance in the design and operation of liquid-liquid ex-
traction columns, since it is essentially needed to cal-
culate the interfacial area per unit volume and the 
absolute phase velocities [10,11].  
Many authors [1,12-15] have observed the axial 
and radial variation of hold-up in different extraction 
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ation of hold-up is, however, insignificant. Kirou [16] 
showed that the hold-up profile had a concave shape 
with maximum hold-up at the top of the Oldshue- 
-Rushton column (ORC). By increasing the agitation 
speed, this shape changed to sigmoidal form in which 
the maximum value of hold-up was at the bottom of 
the column. The studies relating to the axial profiles of 
hold-up in rotating disc contactors (RDC) showed that 
the hold-up is low near the dispersed phase inlet, in-
creases gradually to a maximum value because a fi-
nite time is required for drop breakup. Due to the axial 
diffusion of drops in the contact zone and of drop dis-
charge into the settler, the hold-up decreases towards 
the dispersed phase outlet [11]. For the Wirz mixer- 
-settler column, it was observed that at low agitation 
speeds and low phase flow rates there is no hold-up 
profile along the column, due to independency of sta-
ges to each other. But at high agitation speed, the 
hold-up profile showed a maximum at the bottom of 
the column [17]. It was found that for low dispersed 
phase flow rate the maximum hold-up was near the 
center of the column while at high flow rates the hold-
up monotonically decreased from the middle to the 
top of the pulsed sieve plate column. In these co-
lumns, the difference in the behavior of the hold-up is 
due to the variations in input power intensity and phase 
flow rate [18]. 
Although pulsed columns use sieve plates, 
packing, and discs and doughnuts, most reported 
investigations have dealt with the sieve plate type, 
and at present, little information has appeared in the 
literature regarding the hydrodynamic (hold-up, drop 
size and flooding) and mass transfer performance of 
pulsed packed extraction columns. For the purpose of 
establishing proper design procedures for pulsed 
packed column, there is thus a need for reliable cor-
relations which predict hold-up in this type of con-
tactor in terms of operating conditions, liquid-liquid 
system physical properties, and packing characte-
ristics.  
The present paper describes an investigation of 
dispersed phase hold-up in a pulsed packed column 
as a function of pulsation intensity, phase ratio, and 
packing characteristics with four different systems. 
The hold-up data is correlated in terms of phase flow 
rates by the characteristic velocity method. An at-
tempt has been made to develop an empirical corre-
lation for the direct estimation of the hold-up with the 
knowledge of known operating system variables.  
EXPERIMENTAL  
A schematic flow diagram of the experimental 
apparatus is shown in Figure 1. The column, filled 
with a 2.0 m height of packing, had an internal dia-
meter of 76.2 mm and was made of stainless steel. A 
settler of 127 mm diameter at each end of the column 
permitted the liquids to coalesce and be decanted se-
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parately. The column was pulsed by blowing air at the 
required amplitude and frequency into the pulse leg. 
The air pressure was controlled to provide pulses of 
the required amplitude in the column while the fre-
quency of the pulses was controlled by using two so-
lenoid valves. The inlet and outlet of the column were 
connected to four tanks, each of 100 L capacity. The 
interface location of the two phases was automatically 
controlled by an optical sensor. An inverted U-tube 
was used for measuring the pressure drop along the 
column. The pulsation frequency was measured auto-
matically by using a mini PLC and the pulsation am-
plitude was obtained by measuring the volume change 
in the pulse leg and obtaining the volume change 
within the column from this value.  
The properties of the packing used in this work 
are listed in Table 1. 
Table 1. Geometrical characteristics of the packings studied 
Packing material 
Packing surface 
m
2/m
3 
Void fraction
6.3-mm ceramic Raschig ring  595.74  0.46 
9.5-mm stainless steel 
Raschig ring 
421.15 0.80 
Four test systems were chosen to cover a range 
of values of interfacial tension and the recommend-
ations of the European Federation of Chemical Engi-
neering [19] were followed. The systems were kero-
sene-water, toluene-water, butyl acetate-water and 
butanol-water. With respect to the interfacial tension, 
they cover a range from 1.75 to 46.5×10
-3 N/m. The 
major part of solvents used industrially for extraction 
is thus covered. The physical properties of these sys-
tems are listed in Table 2. Technical grade solvents of 
at least 99.5 wt% purity were used as the dispersed 
phase and distilled water was used as the continuous 
phase. 
Table 2. Physical properties of systems studies at 20 °C [15,16] 
Physical 
property 
Toluene-
water 
n-Butylacetate-
water 
n-Butanol-
water 
Kerosene-
water 
ρc / kg m
–3 998.2  997.6  985.6  998 
ρd / kg m
–3 865.2  880.9  846  804 
μc / mPa s  0.963  1.0274  1.426  1.00 
μd / mPa s  0.584  0.734  3.364  1.66 
σ / mN m
–1 36  14.1  1.75  46.5 
Before carrying out the runs, both phases were 
mutually saturated with another. The pulse amplitude 
and frequency were adjusted to the desired values. 
The aqueous and the organic phase flow rate were 
set to the required flow rate and the system was sta-
bilized to allow a steady state condition by maintain-
ing the interface at a given height. In each run, after 
reaching steady state at the desired flow rates, dis-
persed phase hold-up was also measured with samp-
ling method. Seven samplers were arranged at equal 
distance along the column. The dispersed phase 
hold-up was measured by rapid withdrawal of 50 to 
100 mL samples from the samplers. In this method, 
the hold-up was defined as the ratio of the dispersed 
phase volume to the total volume of the liquid sample. 
The reproducibility of hold-up values was within ±5%. 
All experiments were carried out far from flooding 
conditions.  
RESULTS AND DISCUSSION 
Typical variation of the hold-up with column 
height is given in Figure 2. At low pulsation intensity, 
the hold-up presents a weak maximum in the middle 
of the column.  As pulsation intensity increases, the 
mean value of hold-up increases and the maximum 
shifts towards the top of the column. At even higher 
pulsation intensity, the maximum is located at the top 
of the column. In the lower part of the column where 
the dispersed phase is introduced, the drop size is 
larger. As the drops travel upwards in the column due 
to buoyancy, drop breakage occurs and then drop 
size decreases. The internal and shear forces on 
droplets increase with an increase in pulsation inten-
sity. These forces enhance drop breakage and conse-
quently the hold-up values increase along the height 
of the column. The change of the hold-up axial profile 
as phase ratio increases follows a certain pattern that 
was reproducible throughout the course of the pre-
sent study, under the selected operating conditions. 
As seen in Figure 2, the maximum value of hold-up 
shifts to the upper parts of the column with an in-
crease in phase ratio. So, it can be concluded that 
flooding in the present column begins from the top of 
the column under all operating conditions. 
The effect of the pulsation intensity on the hold-
up average is given in Figure 3. As can be seen in 
this figure, the dispersed phase hold-up increases 
with an increase in the pulsation intensity. The inertial 
and shear forces on droplets increase with increase in 
the pulsation intensity. These forces enhance drop 
breakage. The number of drops in the column in-
crease due to the decrease of the relative velocity 
between the two phases and consequently the value 
of the dispersed phase hold-up increases. This figure 
also shows that hold-up increases with increase in the 
phase ratio. However, the effect of phase ratio on the 
hold-up is weaker than that of pulsation intensity. The M. ASADOLLAHZADEH et al.: DISPERSED PHASE HOLD-UP AND CHARACTERISTIC VELOCITY…  CI&CEQ 18 (2) 255−262 (2012) 
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Figure 2. Effect of pulsation intensity on axial dispersed phase hold-up profile. 
 
 
Figure 3. Effect of pulsation intensity on dispersed phase hold-up. M. ASADOLLAHZADEH et al.: DISPERSED PHASE HOLD-UP AND CHARACTERISTIC VELOCITY…  CI&CEQ 18 (2) 255−262 (2012) 
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number of dispersed drops increases with an in-
crease in phase ratio (Qd/Qc) and consequently the 
value of hold-up according to Eq. (1). The interfacial 
tension is the physical property that has greatest ef-
fect on drop size. Therefore, the dispersed phase 
hold-up is expected to vary with interfacial tension. As 
shown in Figure 3, hold-up decreases with an in-
crease in interfacial tension. It is known that, the size 
of drops increases with an increase in interfacial ten-
sion. Therefore, the residence time of drops de-
creases and consequently the dispersed phase hold-
up will decrease. 
Different packing has different interactions with 
drops, because of their difference in voidage, super-
ficial area, and geometry. Therefore, the packing type 
has some influence on the dispersed phase hold-up. 
As can be seen in Figure 4, the hold-up of the column 
with ceramic Raschig rings is about 50-80% higher 
than that of the same column with stainless steel 
Raschig rings. This is mainly because the stainless 
steel Raschig rings have a higher voidage than the 
ceramic Raschig rings, which cause the dissipated 
energy per unit mass in the pulsed packed column 
with the S.S. Raschig rings to be much lower than 
with ceramic Raschig rings. 
 
Figure 4. Effect of packing characteristics on dispersed phase 
hold-up (toluene-water system). 
Characteristic velocity concept 
The concept of characteristic velocity [20,21], vo, 
is very useful for relating the dispersed phase hold-up 
and the phase flow rates: 
() () ()
dc
so d
dd
1
1
vv
vv x
ex e x
=+ = −
−
 (2) 
where vs is slip (or relative) velocity between the con-
tinuous and dispersed phase through the column. The 
applicability of the above equation to the present co-
lumn depends on linearity of the characteristic velo-
city plot. Typical graphs of this plot are shown in 
Figure 5, using Eq. (2). The results confirm that the 
method is applicable to the present column, since 
linear graphs through the origin are obtained for the 
investigated systems. However, there is a small 
discrepancy in the value of Vo obtained for n-butanol-
water system. 
 
Figure 5. Characteristic velocity plots for toluene-water system. 
The effect of the pulsation intensity on charac-
teristic velocity is given in Figure 6. As seen in this 
figure, characteristic velocity decreases with an in-
crease in the pulsation intensity, while it decreases 
with an increase in interfacial tension. This figure also 
shows that the effect of the pulsation intensity for the 
systems with high interfacial tension (toluene-water 
and kerosene-water) is larger than that of the systems 
with medium (butyl acetate-water) and low (butanol-
water) interfacial tension. 
Hold-up has been correlated using the characte-
ristic velocity approach by Spaay et al. [4]. They have 
identified two regions as follows: 
1) Small drop size where vo is independent of 
packing size. 
2) Larger drop size where the drops interact with 
the packing; thus, vo is dependent on packing size. M. ASADOLLAHZADEH et al.: DISPERSED PHASE HOLD-UP AND CHARACTERISTIC VELOCITY…  CI&CEQ 18 (2) 255−262 (2012) 
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Figure 6. Effect of pulsation intensity on characteristic velocity. 
This leads to the following correlations for vo: 
Region 1: 
() ()
0.254 0.184 3 0.727 0.815 2
o3 2 6.32 10 2 1 vd A f a e ρ
− − −  =× Δ −   (3) 
for () ()
0.144 0.426 0.787 0.255 2
53 2 21 0 . 4 0 6 Cd A f a e ρ
− −
 =Δ − ≤   (4) 
Region 2: 
() ()
0.11 0.61 3 0.06 0.56 2 0.35
o3 2 c 2.57 10 2 1 vd A f a e ρμ
− − −− −  =× Δ −  (5) 
for C5 ≥ 0.406. 
These are only for Raschig rings with 0.55 < e < 
< 0.88. In practice, the Sauter mean drop size is not 
known and should be calculated from another corre-
lation. If predicted values of the mean drop are used 
for prediction of characteristic velocity, an additional 
error will be introduced. The values of d32 were calcu-
lated by the semi-empirical correlation proposed by 
Spaay et al. [4]. The comparison of experimental re-
sults with those calculated by Eqs. (3) and (5) is 
shown in Figure 7. This figure shows that the Spaay 
et al. correlations do not have enough accuracy for 
prediction of the characteristic velocity in the column. 
 
Figure 7. Comparison between the experimental results with the 
values calculated using Spaay et al. Equation. 
A new empirical correlation is derived for pre-
diction of the characteristic velocity in terms of the 
physical properties, operating conditions, and packing 
characteristics as follows: 
2.42 6.60 0.14 1.14 43 3
cc c
o 42
cc
1.69
Af eg
v
gga a
ρσ ρ σ ρ
σμ μ
− −
     
=      
    
(6) 
This equation reproduces the experimental va-
lues with an average relative deviation (ARD) of 
9.92%. Although, estimation of hold-up using a corre-
lation in terms of characteristic velocity generally in-
volves the solution of a cubic equation. Eqation (2) 
can be re-written as: 
32 dc d
dd
oo o
21 0 d
vv v
xx x
ev ev ev

−+ +− −= 

 (7) 
It is solved for its three roots of which only one 
represents a reasonable value of the hold-up. The 
procedure used for the calculation of hold-up by using 
a correlation in terms of vo is as follows. The point 
value of vo is calculated and together with the experi-
mental values of vc and vd used to calculate the co-
efficients of the cubic equation in xd (Eq. (7)).  M. ASADOLLAHZADEH et al.: DISPERSED PHASE HOLD-UP AND CHARACTERISTIC VELOCITY…  CI&CEQ 18 (2) 255−262 (2012) 
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An explicit correlation is also derived for the 
hold-up in the present work. The values of the hold-up 
xd, are correlated with the physical properties of the 
systems, operating variables, and packing characte-
ristics as follows: 
0.173 0.25 0.68 3
cc c
d 4
cd
6.60 1.15 0.186 3
cd
2
cc
0.615
1
Af
x
g
v eg
aa v
μσ ρ μ
σμ μ
σρ
μ
− −
    =×    
   
   
×+    
  
 (8) 
This equation reproduces the experimental re-
sults with ARD of 13.96%. The comparison of the ex-
perimental data with that predicted by Eq. (8) is illus-
trated in Figure 8. This figure indicates that the sug-
gested correlation is in very good agreement with the 
experimental results. 
 
Figure 8. Comparison of hold-up data with calculated 
values using Eq. (8). 
CONCLUSIONS 
This paper presents an experimental study of 
the dispersed phase hold-up and the characteristic 
velocity of a pulsed packed column. The results 
showed that the hold-up strongly depends on the pul-
sation intensity and interfacial tension. Dispersed 
phase hold-up was found to increase with height by 
increasing pulsation intensity and phase ratio. The 
results indicate that the characteristic velocity plot can 
be used to describe the variation of the hold-up with 
the flow rate for a range of the pulsation intensity. An 
empirical correlation for hold-up as a function of ope-
rating variables, physical properties of the systems, 
and packing characteristics is also suggested. 
Nomenclature 
a  specific interfacial area (m
2/m
3) 
A  amplitude of pulsation (m) 
C5  Quantity defined in Eq. (4) (-)  
f  frequency of pulsation (s
-1) 
e  void fraction of packing (-) 
g  acceleration due to gravity (m/s
2) 
h  height at any point in the column (m) 
ht  total height of the column (m) 
R  flow ratio (Vd/Vc) (-) 
V volume  (m
3) 
v  superficial velocity (m/s) 
vs  slip velocity (m/s) 
vo  characteristic velocity (m/s) 
xd  dispersed phase hold-up (-) 
Greek symbols   
σ  interfacial tension (N/m) 
Δρ  density difference between phases (kg/m
3) 
μ viscosity  (Pa.s) 
ρ density  (kg/m
3) 
Subscripts  
c continuous  phase 
d dispersed  phase 
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NAUČNI RAD 
   SADRŽAJ DISPERGOVANE FAZE I 
KARAKTERISTIČNA BRZINA U PULSIRAJUĆOJ 
PAKOVANOJ EKSTRAKCIONOJ KOLONI 
Sadržaj dispergovane faze je meren u pulsirajućoj pakovanoj ekstrakcionoj koloni, pre-
čnika 76,2 mm, za različite sisteme tečno-tečno. Ispitivan je uticaj intenziteta pulzacije, 
odnosa faza i karakteristika pakovanja na sadržaj dispergovane faze u različitim opera-
tivnim uslovima. Aksijalni sadržaj dispergovane faze pokazuje jaku neuniformnost, za-
visno od operativnih uslova. Rezultati pokazuju da je pristup sa karakterističnom brzinom 
primenljiv na analizu sadržaja dispergovane faze za ovaj tip ekstrakcione kolone. Izve-
dene je empirijska korelacija za izračunavanje sadržaja dispergovane faze preko opera-
tivnih promenljivih, fizičkih osobina sistema i geometrije pakovanja. Zapažena su dobra 
slaganja između korelacije i eksperimenta za sve ispitivane operativne uslove. 
Ključne reči: pulsirajuća pakovana kolona, sadržaj dispergovane faze, karak-
teristična brzina, relativna brzina. 
 